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complexity necessitates a multidimensional approach to the measurement of stability. We examine 25 the extent of our understanding of the multidimensional nature of both disturbances and stability. 26
We find that it is highly restricted. Consequently, our ability to maintain the overall stability of 27 ecosystems for different management and policy goals is limited. If ecology is to support and 28 inform robust and successful policy, we must rectify this. 29
At least three scientific communities use terms that map onto various dimensions of 30 ecological stability. Theoreticians, for example, have developed an extensive literature on whether 31 the population dynamics of multi-species systems will be asymptotically stable in the strict 32 mathematical sense (May 1972 decision makers and aspiring to enrich people's lives and well-being (Mace 2014; Díaz et al. 2015; 42 Lu et al. 2015) . 43 We explore whether the associated three scientific literatures engage each other in using the 44 same terms and employ the same meanings for them when they do. Generally, they do not. We 45 must remedy this. International bodies need terms that are simple and flexible, but surely not to the 46 point of being meaningless. Theory cannot advance usefully in isolation from tests of it (Scheiner 47 2013), and theory, experiment, and observation must sensibly inform decision makers at all levels. 48
Most importantly, the multidimensional complexity of natural responses to environmental change 49 needs to be recognised by all communities, both separately and collectively. 50
We suggest solutions to help achieve these goals. For theoreticians, we provide suggestions 51 on where to focus future research to incorporate the sort of complexities commonly encountered in 52 natural systems. Empiricists will find useful our summary of the methodologies developed so far to 53 study the different facets of ecological stability and our recommendations for better assessing 54 stability in collaboration with theoreticians and policymakers. Finally, we provide suggestions for 55 environmental policymakers on how to develop and frame objectives and targets that are not only 56 relevant for policy but at the same time facilitate much closer links with the supporting, and 57 evolving, science. magnitude of a disturbance is defined by how much the aspect of environmental change departs 66 from its undisturbed state (i.e. "a measure of the strength of the disturbing force"; Sousa 1984) . A 67 5 5 minor storm versus a once in 100-year hurricane is an example of disturbances that vary in 68 magnitude. Their duration refers to a continuum with instantaneous pulses -short, sharp 69 shocks -and sustained presses -constant, long-term change -at the ends of the spectrum (Fig.  70 1a). A discrete pollution event, such as a chemical spill, is a pulse, and the extinction of a species 71 from an ecosystem is a press. Theoreticians focus primarily on one of these two extremes of the 72 duration gradient (Ives & Carpenter 2007) . Empiricists sometimes refer to these extremes as acute 73 and chronic disturbances, respectively. 74 Natural disturbance regimes are clearly more complicated than this. Changes in the 75 magnitude, duration and frequency of disturbances over time or in space can combine to give 76 disturbances directionality ( Fig. 1b disturbances in nature are of this kind (Fig. 1c) . Therefore, while a focus on pure pulse or press 81 disturbances provides some important insight into mechanisms that can underpin biological 82 responses to disturbances, the relevance of this to predicting responses to real disturbances in the 83 natural world may be limited. 84
While the multifaceted nature of disturbances creates a problem for assessing, understanding, 85 and predicting how ecological systems respond (García Molinos & Donohue, 2010; Mrowicki et al. 86 6 6 defined way. It is often used as a measure of the susceptibility of systems to invasion by new 94 species or the loss of native species. Resistance is a dimensionless ratio of some system variable 95 measured after, compared to before, some perturbation. Resilience is the rate at which a system 96 returns to its equilibrium, often measured as its reciprocal, the return time for the disturbance to 97 decay to some specific fraction of its initial value. Systems with shorter (faster) return times are 98 more resilient than those that recover more slowly. Holling (1973) introduced another definition of 99 resilience that is currently in common use, particularly in policy fora (Walker et al. 2004; Hodgson 100 et al. 2015) . It "is a measure of the persistence of systems and of their ability to absorb change and 101 disturbance and still maintain the same relationships between populations or state variables." This 102 definition is multidimensional. It integrates persistence, resistance and the existence of local 103 asymptotic stability at multiple equilibria. It has come to mean whether or not a system returns to 104 its former equilibrium following disturbance or moves to another one. This idea may be expanded 105 further to compare systems in terms of what range of disturbances a system can withstand before 106 being shifted to a new equilibrium (Ives & Carpenter 2007 ). If there is a limit beyond which a 107 system cannot return directly to its former state, this is termed a tipping point. 108
The different components of stability are all based in some way on the composition, function 109 and dynamics of communities. They are unlikely to be independent. Furthermore, the strength and 110 even the nature of relationships among stability components can change when communities are 111 disturbed in different ways (Donohue et al. 2013) . This complexity has critical implications for our 112 understanding of the impacts of disturbances on ecosystems. It means that restricting our focus to 113 single measures of stability in isolation, or to amalgamated ones such as Holling's resilience, when 114 they are used to reduce the multidimensional complexity of stability to a single dimension and its 115 measurement to a single number, risks significantly underestimating the impacts of perturbations. It 116 also risks incomplete understanding of the mechanisms that underpin the overall stability of 117 ecosystems. The multidimensionality of ecological responses demands explicit multidimensional 118 measurement of both disturbances and stability. To understand the differences in what theoreticians and empiricists study, we surveyed three 136 high impact multidisciplinary journals and four leading general ecology journals: Nature, Science, 137 PNAS, Ecology Letters, Ecology, Oikos and American Naturalist. Using relevant search terms 138 ("ecolog* stability"; "ecolog* resilience"; "ecolog* resistance"; "stability and diversity"), this 139 yielded 894 papers, 354 of which measured ecological stability in one or more ways. About half of 140 these studies were purely theoretical, the other half empirical. Of the latter, there were nearly equal 141 proportions of experimental and observational studies. Only 4% of papers combined both theory 142 and empirical measurement. 143
In our survey, 93% of theoretical studies and 85% of experimental and observational studies 144 focus on a single facet of stability ( Fig. 2a ). Some 83% of theoretical studies and 80% of 145 experimental and observational studies also focus on only a single disturbance component ( Fig. 2b) . 146
This demonstrates a restricted, largely one-dimensional, perspective. It means that we have little 147 understanding of either the multidimensional nature of ecological stability or the correspondence of 148 different components of stability to different types of perturbations. 149
There is also a significant disjoint between theoretical and empirical approaches to, and 150 understanding of, ecological stability. The majority (57%) of theoretical studies focus on 151 asymptotic stability, whereas experimental (61%) and observational (72%) studies concentrate 152 primarily on variability ( Fig. 3a) . In contrast, asymptotic stability comprises the focus of only 4% 153 of empirical studies, while only 18% of theoretical studies quantified variability. Only a small 154 minority of studies, either theoretical or empirical, examine persistence (10% of studies), resilience 155 (7%) or resistance (7%). Within these latter three measures, there are notable differences. 156
Theoretical studies most often examine persistence, resilience and a particular measure of resistance 157 potentially addressed in more specialized journals than those scanned in our survey. However, the 162 literature we surveyed came from the general ecological journals most probably read by both 163 theoreticians and empiricists, potentially making the divergence we found in terms and concepts 164 even more significant. 165
We found similar disparities between the focus of theory and empirical research on the 166 different types of disturbance durations and frequencies. The majority (70%) of theoretical studies 167 focus on the effects of single pulse perturbations on stability (Fig. 3b ). In contrast, 83% of 168 observational studies examine the effects of combined, multiple pulse disturbances ( Fig. 1a Only 15% of studies we surveyed incorporate the effects of disturbance magnitude. The problem is 172 more acute when we account for different components of stability. For example, our survey 173 identified no theoretical studies of the effects of disturbance magnitude, pulse or multiple pulse 174 disturbance frequencies on ecological resistance. Nor did we find any experimental or observational 175 studies of the effects of pulse disturbances on asymptotic stability (Fig. S1 ). In spite of its 176 importance to characterising disturbances in the real world, our survey identified only one study 177 What are the conclusions we draw from this? Clearly, experimentalists and empiricists can 200 estimate the clearly-defined measures used by theoreticians. The problem is that some things are 201 easy to measure and other things not, a distinction that likely leads to the differences we have noted. 202
The differences are even greater on closer inspection: theory does not always address what 203 empiricists can measure. This is, at least in part, because the mathematics of dynamical systems 204 lacks tools for evaluating quantities of interest to empirical ecologists. Take resilience, for example. important role in policy, and environmental decision makers clearly do not only concern themselves 244 with ecological components of stability. But neither should they ignore them.
We defer to the Oxford English Dictionary that defines "sustainable" as "the quality of being 246 sustainable at a certain rate or level" and environmentally sustainable as "the degree to which a 247 process or enterprise is able to be maintained or continued while avoiding the long-term depletion 248 of natural resources." Following this, we take sustainability (in its non-normative sense) to mean that a particular resource persists, or persists above (or below) some pre-determined level, or is 250 resistant to disturbances. Its translation to ecological concepts is conceptually straightforward. also reflect the fact that ecologists have perhaps less influence on these terms and their use than we 262 might hope. These differences create significant challenges for translating research findings into 263 policy-relevant information, for communication among individuals from different groups, and for 264 dealing with the complexity and multifaceted nature of ecological stability. We now examine the 265 terms used by policymakers and practitioners, then explore the potential for common ground. 266 267
How do ecologists and policymakers differ in the terms they use? 268
We surveyed policy targets and mission and vision statements of 42 key international 269 agreements, organisations and agencies (Table 1) that are concerned primarily with the conservation 270 and protection of nature. We searched for terms that are associated positively with stability. The 271 most common terms we found were, by some distance, 'sustain' and 'sustainability'. These were 272 present in more than half of the targets and statements examined (Table 2) . They occurred almost 273 twice as frequently as the next most common terms, 'conserve' and 'conservation'. We identified 274 the terms we identified, only two, 'stabilise'/'stable' and 'resilience'/'resilient', have clear 276 ecological definitions. Unfortunately, their use in the documents implied different meanings to 277 those widely used in ecological theory, relating most strongly to, respectively, variability and 278 resistance. 279
In spite of the widely different terminologies used by ecologists and policymakers and 280 practitioners, all of the terms we identified in policy targets and statements could be associated in 281 some way with at least one, and frequently more than one, component of ecological stability (Table  282 2). In fact, the stability components that associate most strongly with these terms are among the 283 least studied by ecologists ( Fig. 3a) . For some terms, the link with components of stability was 284 clear, for others less so. For example, to 'constrain impacts' necessitates increasing the resistance of 285 systems to disturbances. It also implies increasing their resilience (i.e. reducing their return times). 286
The fact that the majority of the terms used in policy integrate across different components of 287 ecological stability means that they are also, at least implicitly, multifaceted. 'Sustainable' is a good 288 example of this. In order to be sustainable, ecosystems must be resistant to disturbances. They must 289 recover quickly from them (i.e. have high resilience). This implies that at least some properties (e.g. 290 primary production) remain relatively unchanged through time (i.e. have high robustness, low 291 variability) even though there may be considerable turnover in other properties (e.g. species 292 composition; indeed, it may be the turnover in species composition that results in sustainable 293 primary production). 294
Thus, key terms may lack unambiguous and clear definitions, and are not therefore directly 295
quantifiable. Yet, the widespread use of such holistic terms implies that the multidimensionality of 296 ecological stability is already integrated, even if unconsciously, in the language and targets of 297 Acknowledging this dilemma is a first step towards enhancing the quality of the communication of 304 "stability" at the science-policy interface and within both science and policy. It is incumbent upon 305 ecologists to ensure that this process does not dilute the integrity of the underlying science. 306
The necessary second step involves the definition of terms and their measurement. There is a 307 fundamental need for interdisciplinary discussions about both of these (Box 2). Policymakers have 308 to attach measurable quantities to the terms used in their documents, while scientists must address 309 these concepts directly in their studies. The proliferation of undefined and, indeed, unmeasurable 310 ideals, such as many of the tasks that underpin the recently published United Nations Sustainable 311 Development Goals (SDGs) for the conservation of ecosystems (Goals 14 and 15), hinders progress 312 and is self-defeating. For example, SDG Task 14.2 sets the target that, "By 2020, (countries will) 313 sustainably manage and protect marine and coastal ecosystems and avoid significant adverse 314 impacts, including by strengthening their resilience". This statement is ambiguous to the point of 315 being meaningless. Not a single aspect of this target is measurable. What constitutes "significant"? 316
What does resilience mean in this context? The goals of policy and the terminology used to describe 317 them always need to be defined and measurable. 318
Consider two examples from the Aichi Targets that contrast how measureable are their 319 aspirations. First, Aichi Target 11: "By 2020, at least 17 per cent of terrestrial and inland water, 320 and 10 per cent of coastal and marine areas…are conserved through effectively and equitably 321 managed, ecologically representative and well connected systems of protected areas". These goals 322 are explicit and measureable, but those for Aichi Target 6 are not: "By 2020 all fish and 323 invertebrate stocks and aquatic plants are managed and harvested sustainably…so that … fisheries 324 have no significant adverse impacts on threatened species and vulnerable ecosystems and the 325 impacts of fisheries on stocks, species and ecosystems are within safe ecological limits". This sustainably, significant adverse impacts and safe ecological limits -each of which appears to mean 328 two distinct things. As used in this context (see also Table 2) , sustainably has a compositional 329 aspect -that species present in the system persist -and another related to biomass stability -that 330 variability of biomass at both population and community level is minimised at least to a level that 331 ensures the persistence of species. Significant adverse impacts requires that the persistence of both 332 'threatened species' and the functioning of 'vulnerable ecosystems' is ensured, while safe 333 ecological limits requires ensuring the persistence of each of the biomass, composition and 334 functioning of ecosystems, presumably by enhancing their resistance to fishing activities. 335
Removing the obscure terms and replacing them with the clearly defined ones we suggest would 336 make the goal measureable. This would enable closer links with the supporting science and 337
highlight key research needs, which, in turn, make the goal attainable. 338
For their part, scientists need to take a coherent approach to quantifying stability, such as the 339 one we describe here. The field will not advance by publishing more, partly overlapping, definitions 340 of single terms used in isolation within a discipline. We need to employ broadly accepted terms and 341 apply them consistently across different communities. Both theoreticians and empiricists also need 342 to be more explicit about the basis upon which they are measuring stability. Conclusions drawn 343 about the factors that drive biomass resilience, for example, are likely to be very different from 344 those that underpin compositional resilience. 345
The third step is crucial. Both scientists and policymakers need to recognise that the 346 multidimensional nature of environmental change always requires a multidimensional assessment 347 of responses. To date, scientists and policymakers alike have tended to assess the response to one 348 driver of change using one aspect of stability or amalgamated concepts such as Holling's resilience. 349
The hope is that this strategy provides a piece of the jigsaw that, in total, provides insight into the 350 overall complexity of responses. Rather, such simplification blurs the overall picture. For example, 351 increasing temporal variability of algal biomass may indicate transient dynamics in changing lake structure that may be undermining, or indeed enhancing, resistance to different kinds of 354 disturbances. The one-dimensional approach to disturbances and stability means that we 355 underestimate the impacts of perturbations and cannot identify the mechanisms that underpin the 356 overall stability of ecosystem structure or functions. The existence of trade-offs (i.e. inverse 357 correlations) between different components of stability exacerbates this situation. Such trade-offs 358 exist in nature (Donohue et al. 2013 ) and there is some theoretical insight into why they occur 359 (Harrison 1979; Loreau 1994; Dai et al. 2015) . Their existence has profound implications for 360 policymakers and practitioners, necessitating decisions on which aspects of stability to prioritise for 361 different management goals. They also provoke an environmental cost to those decisions, where 362 some aspects of ecological stability are necessarily diminished to enhance others. The lack of 363 exploration of the multidimensional nature of ecological stability means that our ability to optimise 364 the overall stability of ecosystems for different management and policy goals is at present 365 extremely limited. 366
367
What science is needed to support these steps and enhance the efficacy of policy? 368
We make three recommendations. First, the necessity for improved and mechanistic insight 369 into the multidimensional nature of disturbances and stability requires more realistic theory and 370 experimental designs and an improved ability to integrate across studies from different spatial and 371 temporal scales and different kinds of ecosystem (e.g. Peters et al. 2011 ). Even single pulse 372 disturbances (e.g., a chemical spill) often have a legacy (e.g., contamination, loss of rare species) 373 that corresponds to a press disturbance. Pulse and press disturbances likely affect different 374 components of stability in different ways. Likewise, many press disturbances exhibit clear 375 directionality and dynamic variation around the mean, with single extreme events occurring more Second, we need simple, yet scientifically sound, ways to integrate across the multiple 399 dimensions to quantify the overall stability of ecosystems. These methods will need to distil the 400 most important elements of stability and make accurate quantitative measures on each dimension. 401
Only then can we combine them (Fig. 4) . These methods also need to be adaptable to the priorities 402 of specific policies. Such adaptation is fundamental to optimising the overall stability of ecosystem 403 structure and/or functioning for different management and policy objectives. Agricultural resistance of biomass to pathogens and insect pests. In contrast, many conservation programs might 406 try to maximise the compositional persistence and resilience of communities (rare species are often 407 the most endangered and they tend to determine the slowest return times of the system). Such semi-408 quantitative methods of holistic assessment may seem too broad-brush and inaccurate to satisfy 409 many scientists. They may also be too complex for some policymakers. The solution has to be 410 something that sits between the two. 411
Third, we need to evaluate and monitor stability through space and time. There are policies concerned with the protection of nature that set defined and measurable 424 targets. Aichi Target 5 (UN 2010) constitutes a good exemplar: "By 2020, the rate of loss of all 425 natural habitats, including forests, is (to be) at least halved and where feasible brought close to 426 zero". This statement is clear and unambiguous -progress can be quantified, success or failure 427 evaluated. It exemplifies the only way that policies can effect meaningful change. 428 Such policies are in the minority. Many policy documents describe targets that may appear, 429 on face value, explicit and measurable, yet contain terms that are ambiguous, or have multiple 430 definitions that mean different things to different people. Such targets cannot be connected to 431 measureable ecological processes or properties. Policies aiming to increase "resilience" provide 432 pervasive examples. In fact, the majority of policy documents we surveyed contain goals using 433 terms that lack definition within ecology. Such ambiguity paralyses policy. 434
This incoherence is, at least in part, a consequence of the inconsistent and one-dimensional 435 approach that ecologists have taken to ecological stability. This approach has led to confused 436 communication of the nature of stability and the level of our insight into it. Disturbances and 437 stability are multidimensional. Our understanding of them is not. We have a remarkably poor 438 understanding of the impacts on stability of the characteristics that define many, perhaps all, of the 439 most important elements of global change. 440
The solution requires a range of actions. We need more realistic theory based on measures 441 that are of practical significance and empirically quantifiable. Empiricists need to test this theory at 442 a range of spatial and temporal scales. Table 1 . International agreements, organisations and agencies whose policy targets and mission and vision statements we searched for terms associated 747 with ecological stability. 748 Table 2 . Stability-like terms used in policy targets and mission and vision statements of the international agreements, organisations and agencies 750 highlighted in Table 1 , ranked in order of frequency of occurrence, and the components of stability that they associate with in the context of their use. 751
The use of resistance here incorporates robustness. We assume that the necessity for systems to be asymptotically stable around an equilibrium point or 752 limit cycle is implicit in the use of every term. 753 754 Integrating across multiple dimensions to quantify overall ecological stability. We 777 suggest a method that incorporates multiple stability facets and allows for their differential 778 weighting. This method is based loosely on one developed for the assessment of biodiversity 779 effects on multiple ecosystem functions (Byrnes et al. 2014) . A multiple-criteria decision-780 making approach would also be suitable here. First, the method identifies which stability regional scales, but they are not explicit in defining either the spatial or temporal extents of these 816 regions. This leaves open the vitally important question for policymakers of what scales are most 817 important. 818
Second, there are models of the consequences of losing species and how many more species 819 will be lost consequently at local and regional scales (Pimm 1991) . None shows the kind of 820 runaway processes that Rockström 
